A laser fabrication method was developed to make gold nanoparticle clustered (GNC) tips for apertureless near-field scanning optical microscopes (ANSOMs) and tip-enhanced Raman spectroscopy (TERS). The near-field Rayleigh and Raman scattering of samples are highly enhanced when a gold nanoparticle cluster is synthesized on the end of the tip. This is due to the lightning rod effect in the sharp tips. The localized electromagnetic field enhancement and the spatial resolution (∼ 30 nm) of the fabricated GNC tip were verified by TERS and ANSOM measurements of carbon nanotubes.
INTRODUCTION
Recent interest in the characterization of nano-materials has led to the development of a number of different approaches for the observation of nanoscale-samples using scanning probe microscopy. 1 2 The near-field scanning optical microscope (NSOM), in particular, is very useful for this application as it can simultaneously measure the surface profile of a sample and its optical properties. In NSOMs, localized optical information of a sample is obtained by illuminating a very small area of the sample with a light source via an aperture of an optical fiber probe. [3] [4] [5] However, detection of the optical signal is hard for apertures smaller than 100 nm due to the low intensity of the resulting signal. The spatial resolution of a NSOM is, therefore, limited to ∼ 100 nm. 6 7 In contrast, an apertureless NSOM (ANSOM) allows nanoscale observation of samples with down to several tens of nanometers. This improvement in resolution comes from the strong enhancement of the electromagnetic field at the apex of a sharp * Author to whom correspondence should be addressed. metallic tip due to the localized surface plasmon resonance (LSPR) effect when a laser light is focused on the tip. 8 9 Therefore, fabrication of a sharp metallic tip is required for successful ANSOM.
Electron beam evaporation is widely used to fabricate metal coated tips. 10 However, since the tip is a 3-dimensional structure, and not a flat tip, optimization of the growth conditions is critical. Here we discuss a simple fabrication method for the formation of a metallic tip using a laser. In this method gold nanoparticles are directly synthesized on the optical fiber tip using the heat energy from a laser. The electromagnetic field enhancement from the fabricated gold nanoparticle cluster (GNC) tips is higher than that in tips coated with a simple gold layer. This is due to the enhanced optical antenna effects of a GNC, which include surface-enhanced Raman scattering (SERS). 11 This means that the proposed GNC tip is useful not only for the ANSOM but also for tip-enhanced Raman spectroscopy (TERS).
In this paper, we present the details of our GNC tip laser fabrication method and describe, schematically, the Figure 1 (a) shows, schematically, the laser fabrication method used to make the GNC tips shown in Figure 1 (b). An optical fiber probe was fabricated using the electrochemical etching method known as tube etching. 6 7 The polymer coated optical fiber was dipped into a 50% Hydrogen fluoride (HF) solution. After 1 hour of chemical etching, a tip shape was formed inside by the polymer jacket due to convective flow of HF around the fiber. After removing the polymer coating the optical fiber probe was dipped into a deionized water, HAuCl 4 and Trisodium Citrate solution. 700-nm femtosecond pulses of a 80-MHz mode-locked Ti:Sapphire 300 mW laser were then focused onto the optical fiber probe for 15 minutes. Figures 1(c) and (d) show the optical microscopy images of a chemically etched optical fiber probe and a fabricated GNC tip.
EXPERIMENTAL DETAILS

Fabrication of a GNC Tip
Experimental Set-Up of an ANSOM System
An ANSOM system was constructed in order to verify the performance of the laser fabricated GNC tip. shows a schematic diagram of the ANSOM. The system consisted of two main components; an optical microscope and a metallic tip. An inverted optical microscope system utilizing a 632.8 nm He-Ne laser light source was constructed to allow easy integration with the ANSOM. The optical components, fabricated from BK7, were used to minimize optical losses of the 632.8 nm laser. A 100× objective lens with a numerical aperture (NA) of 1.25 was used. The position of the objective was controlled using a step motor, with a resolution of 50 nm, to precisely control the focusing spot. A closed loop piezoelectric transducer (PZT), with a movement range of 50 m × 50 m and a repeatability of 1 nm, was used to move the sample stage. Detection was carried out using a 15-cm monochromator, a photo-multiplier tube (PMT) and a charged coupled device (CCD). The output of the 632.8-nm laser was reflected by a beam splitter and then focused on the sample via the objective lens. The Rayleigh scattered light was collected using the same objective lens and detected by the PMT after it had passed through the monochromator. The Raman scattering signal was obtained using a removable 632.8 nm edge filter and a CCD. The metallic tip component of the system was constructed using the following method: A quartz tuning fork sensor was used to regulate the tip-sample distance via a shear force feedback mechanism. The GNC tip was attached to one of the tuning fork prongs and mechanically oscillated at 32 kHz using a piezo block and a function generator. The output voltage was monitored using a lockin amplifier and found to be proportional to the dithering amplitude of the tuning fork. When the GNC tip was within a few tens of nanometers of the sample surface, changes in the shear force between the probe tip and sample resulted in a shift in the resonant characteristics of the tuning fork. A corresponding decrease in the output voltage measured by the lock-in amplifier was observed. The signal was monitored in order to keep the tip-sample distance to within 20 nm. The GNC tip was controlled using a closed loop PZT with a movement range of 100 m × 100 m and a repeatability of 1 nm.
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RESULTS AND DISCUSSION
The Raman scattering spectra of a CNT was investigated with both a retracted and approached tip. The two measurements were carried out in order to verify the optical antenna effect of GNC tip. In this experiment, alignment of the GNC tip and the laser beam focus is critical if a LSPR is to be created at the tip apex. The tip was therefore accurately positioned to the so-called 'hot spot' using a three-axis PZT. The sample was prepared by dissolving powdered CNTs in ethanol. The solution was then placed on a cover slip and desiccated. The black line in Figure 3 shows the Raman scattering spectrum of a CNT Figure 3 . Raman scattering spectra of a single CNT for an approached and retracted GNC tip. measured for a 0.1 s CCD exposure time with the GNC tip retracted. Due to the low Raman scattering intensity Raman bands of the CNT are not observed. In contrast, for an approached tip the Raman scattering spectrum clearly exhibits the radial breathing mode, D band, G band, and G band of a CNT for the same CCD exposure time (red line in Fig. 3 ). This enhancement is due to the SERS effect. Incident laser photons are absorbed by the gold nanoparticles in the GNC tip through oscillations of surface electron charge density (plasmons). The photons are concentrated at the end of the tip due to the lightning rod effect and couple with the CNT. Energy transfer to the molecular vibrational modes occurs, which generates the enhanced Raman scattering observed.
The topographic and Rayleigh scattering images of a CNT strand were measured using the ANSOM. To image using the ANSOM, the GNC tip was accurately positioned at the hot spot of laser beam. The tip-sample gap was controlled using a proportional-integral controlled feedback circuit. The x and y PZTs were used to scan a sample area of 480 nm × 480 nm at 5 nm steps. Fig. 4(a) ) confirm that the fabricated GNC tip has a spatial resolution of ∼ 30 nm.
CONCLUSIONS
An ANSOM was constructed using a GNC tip and used to efficiently observe a tip-enhanced Raman spectrum and a Rayleigh scattering image of a CNT. The procedure used here to fabricate the GNC tip was advantageous as it was much simpler than other methods involving electron beam evaporation. The results suggest that this GNC tip can be used for high spatial resolution ANSOM and TERS measurements of various nano-materials.
